SOX5 encodes a transcription factor that is expressed in multiple tissues including heart, lung and brain. Mutations in SOX5 have been previously found in patients with amyotrophic lateral sclerosis (ALS) and developmental delay, intellectual disability and dysmorphic features. To characterize the neuronal role of SOX5, we silenced the Drosophila ortholog of SOX5, Sox102F, by RNAi in various neuronal subtypes in Drosophila. Silencing of Sox102F led to misorientated and disorganized michrochaetes, neurons with shorter dendritic arborization (DA) and reduced complexity, diminished larval peristaltic contractions, loss of neuromuscular junction bouton structures, impaired olfactory perception, and severe neurodegeneration in brain. Silencing of SOX5 in human SH-SY5Y neuroblastoma cells resulted in a significant repression of WNT signaling activity and altered expression of WNT-related genes. Genetic association and meta-analyses of the results in several large family-based and case-control late-onset familial Alzheimer's disease (LOAD) samples of SOX5 variants revealed several variants that show significant association with AD disease status. In addition, analysis for rare and highly penetrate functional variants revealed four novel variants/mutations in SOX5, which taken together with functional prediction analysis, suggests a strong role of SOX5 causing AD in the carrier families. Collectively, these findings indicate that SOX5 is a novel candidate gene for LOAD with an important role in neuronal function. The genetic findings warrant further studies to identify and characterize SOX5 variants that confer risk for AD, ALS and intellectual disability.
Introduction
The SOX5 gene (OMIN 604975) on chromosome 12p12.1 encodes a transcription factor of the SOX family that is characterized by a DNA-binding motif HMG (high mobility group) box. Human SOX5 has two isoforms: the longer SOX5 variant encodes a 763-amino acid protein that is expressed in multiple human tissues, including heart, brain, liver, lung, kidney, spleen, and testis; and the shorter isoform of SOX5 encodes a 750-amino acids protein (N-terminally truncated by 13 amino acids compared with the longer isoform) that is specifically expressed in testis (1) . SOX5 has been identified as a susceptibility candidate gene for multiple human diseases and traits by genome-wide association studies (GWAS) including higher resting heart rate (RHR) (2) , abnormal electrocardiographic PR interval (3), aberrant atrial fibrillation (AF) (4) increased left ventricular mass (LVM) (5) , and chronic obstructive pulmonary disease (COPD) (6) . Human SOX5 is highly conserved with the Drosophila ortholog Sox102F: 71% identity and 82% amino acid similarity. We have previously shown that silencing of Sox102F in heart resulted in cardiac dysfunction in adult Drosophila (7). Sox5 deficient mice had abnormal lung development and died at birth with respiratory distress (6) . Moreover, SOX5 promoted cell cycle exit of neural progenitors and its down-regulation was required for the progression of neuronal differentiation (8) . Furthermore, Sox5 and Sox6 are redundant enhancers of chondroblast functions, controlling both expressions of extracellular matrix genes and cell proliferation (9) . Collectively, these studies implicate that SOX5 have multi-functional roles.
Mutations in SOX5 have been found in patients with amyotrophic lateral sclerosis (ALS) (10) , developmental delay or intellectual disability with prominent language delay, behavioral problems and mild dysmorphic features (11) . These findings suggest that variants and mutations in SOX5 may disrupt neuronal development and/or function. However, owing to embryonic lethality in Sox5 knockout mice and chicks, to date, the neuronal function of SOX5 remains unclear.
To determine the role of SOX5 on neuronal development and function, we silenced the Drosophila ortholog of SOX5, Sox102F in type I bristle-type sensory neurons, type II dendritic arborization (DA) sensory neurons, motor neurons, mushroom bodies (MBs) and whole brain. We previously found that Sox102F regulates the expression of the WNT-related wingless (Wg) and wing development in Drosophila (7) . Thus, in this study, we examined the effect of silencing of SOX5 in human SH-SY5Y neuroblastma cells on the expression of the 84 genes related to WNTmediated signal transduction. Our current studies show that silencing of Sox102F leads to abnormal neuronal development and behavioral impairment in Drosophila. Silencing of SOX5 in human SH-SY5Y neuroblastoma cells resulted in a significant repression of WNT signaling activity and altered expression of WNT-related genes. We also tested for genetic association between SOX5 variants and risk for Alzheimer's disease (AD), the most common form of dementia in the elderly. We observed significant genetic association of SOX5 with familial late-onset AD (LOAD), and identified four novel mutations in SOX5 that segregate with disease status in LOAD families.
Results
Silencing of the Drosophila ortholog of SOX5 leads to abnormal neuronal development and behavioral impairment
We employed the UAS-Sox102F-RNAi transgenic flies and the UAS-GAL4 system as described previously (7) to silence Sox102F in various neuronal subtypes.
Sensory neurons. Sox102F was silenced in the type I bristletype sensory neurons by Pnr-GAL4 in the pattern of pannier (Pnr) gene (12) . Flies in which Sox102F was silenced (UAS-Sox102F-RNAi; Pnr-GAL4) exhibited misorientation and disorganization of michrochaetes (mC), accumulation of upper dorsal michrochaetes close to the head, loss of partial michrochaetes in the dorsal centre, and michrochaete morphology defects (Fig. 1B , arrows) as compared to controls (Fig. 1A) .
Next, Sox102F was silenced in the type II internal multiple dendritic arborization (DA) sensory neurons by ppk-GAL4, which expresses in the pattern of the pickpocket (ppk) gene in Class III and IV DA neurons (13) . A GFP protein was co-overexpressed using ppk-GAL4 in the DA neurons for fluorescence imaging analysis. The DA neuron length, branching and complexity in the third instar larva were quantified (Fig. 2) . The analysis parameters included: length of dendrites (mm), surface area (mm 2 ), complexity of arborization (total number of branches), and branching complexity (%). Silencing of Sox102F in DA neurons significantly affected dendrite branching morphology and resulted in shorter DA neurons with lower complexity ( Fig. 2C and D; Table 1 ) in third instar larva as compared to controls ( Fig. 2A and B). Flies in which Sox102F was silenced exhibited an average dendrite length of 177 lm compared to 147 lm of that in con-
), and an average arbor surface area of 847571 lm 2 compared to 652477 lm 2 in controls (P ¼ 0.04). In addition, silencing of Sox102F resulted in a reduced complexity of arbor with an average number of total branches of 21 compared to 28 in controls (P ¼ 0.002), and that the number of either primary or secondary branches were significantly reduced (Table 1) . Motor neuron. To determine the effect of Sox102F on motor neurons, we silenced Sox102F using D42-GAL4. The GFP protein was co-overexpressed in motor neuron for fluorescence imaging analysis. The locomotion activities were assessed in the third instar larva (N ¼ 110) using the larval crawling assay and in adult flies (N ¼ 356) by climbing assays. Control larva exhibited normal locomotion function with an average of 40 peristaltic contractions per minute (40 6 15 contractions/min, N ¼ 55); in contrast, silencing of Sox102F significantly reduced the count of larval peristaltic contractions (33 6 12 contractions/min, N ¼ 55) by Student T Test (P ¼ 0.002). Flies in which Sox102F was silenced exhibited a significant decrease in climbing height (160 6 57 mm, N ¼ 80) compared to controls (177 6 44 mm, N ¼ 176) (P ¼ 0.002). Consistent with the reduced larval and adult locomotion abilities in the Sox102F RNAi flies, the third instar larva in which Sox102F was silenced exhibited a markedly reduced number of boutons and loss of bouton structures at the neuromuscular junction (NMJ) (Fig. 3B ) compared to controls (Fig. 3A) . 
Mushroom bodies (MBs).
MBs in the Drosophila brain are the center of olfactory learning and memory. We silenced Sox102F in the MBs using Tab2-GAL4, which expresses in the pattern of TAK1-associated binding protein 2 (Tab2). We then examined larval olfactory learning behavior using the fructose preference assay (examine larval preference for fructose) modified from that was described previously (14) . Flies in which Sox102F was silenced in the MBs (UAS-Sox102F-RNAi; Tab2-GAL4) exhibited a significantly decreased olfactory perception behavior by fructose assay (224 fructose-preferred vs. 195 non-preferred) compared with controls (250 fructose-preferred vs. 155 nonpreferred) (Fisher Exact Test P ¼ 0.01).
Whole brain. Sox102F was silenced in all the neurons of whole brain using Insc-GAL4. Memory function of adult flies was assessed by an adult courtship behavior assay (15) . Newly emerged virgin male and female flies were collected and independently cultured for 5 days then subjected to courtship behavior analysis. Each tested fly was observed under a dissection scope for recording the time of: orientation, tapping, wing song, licking, curling, and the first copulation attempt, the final successful copulation attempt, and the total time engaged in copulation. The courtship latency, copulation latency, and the courtship index (CI) were also determined. If copulation occurred, the female was isolated in a fresh tube to determine if the copulation indeed resulted in progeny. Flies in which Sox102F was silenced in whole brain (UAS-Sox102F-RNAi; Insc-GAL4), exhibited a significant delay in the time of licking (1079 seconds (s), P ¼ 0.02) and curling (1173s, P ¼ 0.01) and a significantly shortened length of copulation (1082s, P ¼ 0.02) compared to that in controls (878s, 857s, and 1324s, respectively) ( Table 2 ). The CI was significantly decreased to 0.36 in UASSox102F-RNAi; Insc-GAL4 flies compared to a CI of 0.44 in controls (P ¼ 0.02) ( Table 2 ). However, there were no significant differences in the time of orientation, tapping, wing song, courtship latency, copulation attempt, and copulation latency between the UAS-Sox102F-RNAi; Insc-GAL4 and control flies.
We dissected whole brain from the 30-day-old UAS-Sox102F-RNAi; Insc-GAL4 and control adult flies. Fluorescence imaging analysis by co-overeprerssing mCherry-RFP in the neuron demonstrates that control flies (Insc-GAL4-ChRFP/þ) showed normal brain structure of optical lobs and the central brain; in contrast, silencing of Sox102F (UAS-Sox102F-RNAi; Insc-GAL4-ChRFP) resulted in a smaller and disorganized brain with degenerated optical lobs and central brain (Fig. 4D ) compared to that of controls (Fig. 4A) . Consistently, ultra-structural analysis of whole brain from 30-day-old flies by transmitted electron microscopy (TEM) demonstrated that silencing of Sox102F by Insc-GAL4 in whole brain resulted in disruption of the brain structure and neurodegeneration with the formation of vacuoles in the brain ( Fig. 4E and F) compared to that in controls ( Fig. 4B and C) .
Silencing of SOX5 in human SY5Y neuronal cells affects the expression of genes involved in WNT signaling
To identify the effect of SOX5 on genes involved in WNT signaling, we silenced SOX5 in human SH-SY5Y neuroblastoma cells using SOX5-specific siRNAs in comparison to scrambled control siRNAs. Total RNA was isolated from cultured cells and reverse transcribed into cDNA. Silencing of SOX5 resulted in a 60% reduction in gene expression compared to that in controls as examined by real-time RT-PCR. The effect of SOX5 on the expression of 84 genes involved in WNT-mediated signal transduction was examined using the Human WNT Signaling Pathway Plus RT-PCR Array analysis. Silencing of SOX5 led to a significant repression of WNT signaling with a WNT Pathway Activity Score of -0.752
in comparison to that of the control. A greater than 2 fold change with statistical significance was observed in the expression of 7 genes related to WNT signaling: GSK3b, WNT9A, SOX17, DAB2, FGF4, WNT11 and WNT2. Notably, silencing of SOX5 increased GSK3b expression 2.75 fold (Table 3) .
Family-based association analysis and identification of functional variants in SOX5 in LOAD cohort
To test genetic association between SOX5 and AD, we analyzed the results of a GWAS using the Affymetrix Human Genome Wide SNP 6.0 arrays in three well-characterized samples of LOAD families described earlier (NIMH, NIA, NCRAD families; total 1,653 AD families, 4,006 subjects) (16) (17) (18) (19) . The diagnosis of AD was made and the age of onset for all AD cases was determined according to NINCDS/ADRDA (20) criteria. Our analyses showed that two SNPs: rs16927107 (A/G, minor allele frequency 0.1) and rs117708160 (C/G, minor allele frequency 0.15), that are located in 5' untranslated region (UTR) in SOX5 on chromosome 12p12.1, exhibited significant association with a multivariate phenotype combining affection status and onset age (P ¼ 5 Â 10 À 6 and 3 Â 10 À 5 , respectively). We then utilized recently generated whole genome sequencing (WGS) data from the NIMH AD Initiative study families (1,510 subjects; 437 AD families) to identify SOX5 functional variants that co-segregate with the disease status. Four novel variants that segregated with the disease phenotype were identified in our analysis. Three novel rare variants, including two missense mutations, (R36T, H721R) and one splice acceptor mutation 1018-1 G > A at exon 11 (rs201883079), were identified to co-segregate with AD in single families. The SOX5-R36T mutation occurred in one LOAD family with autopsy-confirmed AD and was present in both affected siblings (onset ages 77 and 78 with both heterozygous for APOE-e4). No unaffected were available in the family and the variant has not been previously described. The SOX5-H721R mutation was present in one LOAD family two affected siblings (onset ages 70 and 75), but was also present in one of two unaffected siblings, who was 74 years old at last examination in 2008. Thus, this sib may still become affected in the future. All four siblings were heterozygous for APOE-e4. The splice acceptor mutation occurred in one lateonset family with autopsy-confirmed AD and was present in both affected siblings (onset ages 70 and 71 with only the latter, heterozygous for APOE-e4). No unaffected were available in the family and the variant has no listed minor allele frequency (MAF) on dbSNP. Moreover, we also found one novel missense mutation, SOX5-T74M, is possibly protective against AD as it was present in all three unaffected and neither of two affected siblings (onset ages of 67 and 70) in one late-onset AD family. Two of the unaffected were homozygous for APOE-e4 (ages 63 and 78 when last checked) and the other was heterozygous for APOE-e4 (age 59 at last examination). Next we used three pathogenicity prediction algorithms to analyze the identified SOX5 missense mutations. The deleteriousness of single nucleotide variants predicted using the combined annotation dependent depletion (CADD) Score (21) showed a C-Score over 10 in all three missense mutations: 24.8 for SOX5-R36T, 18.64 for SOX5-T74M and 11.67 for SOX5-H721R, indicating the relative functionality and pathogenicity of these missense mutations. Analysis of using the INSIGHT fitness consequences of functional annotation (Fitcon) scores (22) demonstrated a Fitcon score over 0.40 in all three missense mutations, indicating these missense mutations occur in functionally conserved regions through evolution. Consistent with the clinical and genetic findings, SOX5-R36T and H721R were predicted to be "Possible damaging" mutations with a score of 0.791 while the SOX5-T74M was "Benign" change with a score of 0.342 by PolyPhen-2 (Polymorphism Phenotyping V2) analysis (23) . Collectively, these data suggest that SOX5 is a novel LOAD gene with a cluster of variants in the exon 2 linked to LOAD.
Discussion
This comprehensive study of SOX5 was carried out in transgenic Drosophila models, human SH-SY5Y neuroblastoma cells and LOAD families, respectively. We have demonstrated that silencing of Sox102F in Drosophila leads to destructive neuron and abnormal behavior and that SOX5 regulates the WNT signaling pathway activity and the expression of the WNT-related genes in human neuronal cells. We have also observed that variants in SOX5 were associated with AD by family-based GWAS and identified novel mutations in AD families using whole genome sequence analyses.
Studies have shown that SOX5 modulates cell fate, controls cell proliferation, regulates cartilage formation and neuronal development (8, 24, 25) . In mouse, Sox5 plays important roles in the specification of subcortically projecting axons in the developing cerebral cortex (26) . In Sox5-null mice, the Sox5-null neocortex neurons maintain an immature differentiation state by losing and misrouting axons (27) ; Sox5 overexpression causes re-emergence of neurons with corticofugal features (28) . Sox5 is expressed in the chick neural crest and neural progenitors and is required for the development of the glial lineage (29) and neuronal differentiation (8) . Overall, previous studies indicate an important role for SOX5 in neuronal generation, differentiation and diversity.
To characterize the functional role of SOX5 in adult neuron and brain function, we silenced Sox102F, the Drosophila ortholog of SOX5, in various neuronal subtypes. Silencing of Sox102F led to misorientated and disorganized michrochaetes, shorter DA neurons with lower complexity, reduced contraction movements and loss of neuron muscular junction bouton structure, impaired olfactory perception and severe neuron degeneration in whole brain. These novel findings implicate an important functional role of SOX5 in neuronal development and brain function.
The cognitive hallmark of AD is an extraordinary inability to form new memories. Precise and rapid synaptic vesicle recycling is crucial for synaptic transmission and plays an important role in synaptic plasticity. At the NMJ, pre-synaptic motor neurons depolarize the post-synaptic muscle (30) . Silencing of Sox102F resulted in loss of NMJ bouton structure. In addition, MBs are the learning and memory center of Drosophila, silencing of Sox102F led to an impaired olfactory perception. Furthermore, courtship behavior has been widely used to examine the activity and coordination, as well as learning and memory, as it (31) . Silencing of Sox102F significantly affected adult courtship behavior and exhibited a significantly delay in the mating steps (licking and curling), a statistically significant shortened length of copulation and a reduced CI. Moreover, silencing of Sox102F in whole brain led to severe neurodegeneration. Histological analysis in adult brain showed the degenerated brain structure, which was consistent with behavioral changes. The WNT family of secreted growth factors regulates the developmental processes of cell fate and polarity and cell maintenance processes. WNT signaling consists of canonical WNT signaling (WNT/b-catenin pathway) that is dependent on the b-catenin pathway, whereas noncanonical WNT signaling involves b-catenin independent pathways, which comprise different types of WNT ligands and receptors (32) . Ab binds to the extracellular cysteine-rich domain of the Frizzled receptor (Fz) inhibiting WNT/b-catenin signaling (33) . Activation of WNT signaling by Huperzine A enhances the nonamyloidogenic pathway in an AD transgenic mouse model, suggesting a sustained loss of WNT signaling function may be involved in the Ab-dependent neurodegeneration observed in AD brain (33) . Sox5 regulates the timing of cell cycle exit by triggering the expression of the negative regulator of the pathway axin2, which opposes WNT-betacatenin activity on cell cycle progression in chick (8) . In addition, we previously found that silencing of Sox102F increased the WNT-related Wg expression in the wing disc of Drosophila (7). These previous studies supported a functional role for SOX5 in WNT signaling. We have now demonstrated that silencing of SOX5 resulted in a statistically significant repression of WNT signaling pathway activity. SOX5 regulated the expression of 7 of the 84 genes related to WNT signaling pathway including GSK3b. GSK3b is a constitutively active, proline-directed serine/threonine kinase that directly controls the level of b-catenin phosphorylation, which leads to its consequent degradation by the proteasome pathway (33) . Studies have shown that GSK3b plays a pivotal and central role in the pathogenesis of both sporadic and familial forms of AD. GSK3b is involved in the formation of paired helical filament (PHF)-tau, which is an integral component of the neurofibrillary tangle (NFT) deposits that disrupt neuronal function (34, 35) . It is suggested that over-activity of GSK3b accounts for memory impairment, tau hyper-phosphorylation, increased b-amyloid production and local plaque-associated microglial-mediated inflammatory responses; all of which are hallmark characteristics of AD (34) . Silencing of SOX5 increased GSK3b expression, which indicates a functional link between SOX5 and GSK3b in AD pathogenesis. Silencing of SOX5 also led to an increased expression of two known negative regulators of WNT signaling: Disabled-2 (DAB2) and SOX17. The adaptor molecule DAB2 stabilizes the b-catenin degradation complex (36) . SOX17, a homolog of SOX5, changes b-catenin, SFRP1 and WNT/Frizzled expression (37) . FGF4 is a direct transcriptional target for LEF1 and WNT signaling (38) . It has been shown that FGF infusion or gene transfer restores neurogenesis in the subventricular zone and hippocampal functions in aged mice and mouse models of AD and has therapeutic implications for neurocognitive disorders (39) . WNT11 and WNT2 are components of noncanonical WNT signaling, while WNT9A is the components of canonical WNT signaling [26] (40) .
Moreover, bone morphogenic proteins (BMPs) as members of the transforming growth factor-b (TGF-b) superfamily are important regulators of neurogenesis and neuronal cell fate determination during development. The hippocampus from either AD patients or APP transgenic mice exhibited significantly increased BMP6 expression accompanied by defects in hippocampal neurogenesis compared to controls (41) . The WNT and the BMP signaling pathways are functionally integrated in many biological processes including stem cell maintenance and cell fate specifications. WNT and BMP ligands are expressed in overlapping or complementary manners. For example, the enhancer of the even-skipped gene (eve) has a BMP response element (Smad1/5/8 and Smad4 binding sites) next to a WNT response element which integrates synergy between WNT and BMP signaling (42) . In mice Sox5 is essential for activation of BMP directed target gene expression in embryos and explants, that it physically interacts with BMP Smad1/5/8, and this interaction is essential for recruitment of Smad1/4 to BMP regulatory elements (43) . Functional studies are warranted to further investigate the regulating effects of SOX5 on genes related to WNT-signaling as well as BMP or TGF-b signaling.
SOX5 variants have been previously associated with two neurological disorders: ALS and developmental delay or intellectual disability. Two missense mutations in SOX5, Q362P and E367Q, five amino acids apart, were identified in two of the 190 ALS patients and not detected in 190 normal controls (10) . Several mutations including a reciprocal translocation breakpoint within SOX5 and variable deletions in SOX5 that range in size from 72 to 466 kb have been identified in patients with developmental delay or intellectual disability, which are associated with prominent language delay, behavior problems and mild dysmorphic features (11) . In line with the above findings in ALS, we demonstrate here the SOX5 association with LOAD, another neurodegenerative disease attributed to SOX5. Furthermore, four novel functional variants in SOX5 that modify susceptibility to LOAD predicted to have functionality and pathogenicity by computer algorithms annotations. Three of the four novel mutations in the SOX5 gene, two missense mutations SOX5-R36T and H721R and one splice-site variant, segregated with the affection status, suggesting that these three SOX5 variants have an important role in the onset of AD, probably by loss of SOX5 function. In contrast to the deleterious SOX5-R36T and H721R mutations, the AD-linked SOX5-T74M mutation may be acting in a more complex gain-of-function fashion to confer protection from AD risk. Notably, missense mutations in SOX5 identified in LOAD families are clustered in the N and C-termini of SOX5 (R36T, T74M, and H721R); in contrast, the distribution of two missense mutations in ALS patients is in the middle part of SOX5 (Q362P and E367Q) (10) . Further studies are warranted to determine the relationship between the specific type and location of SOX5 missense mutations and neuronal development, function and AD neuropathogenesis.
Structurally SOX5 consists of an HMG domain (542-612 amino-acid) and a pattern of the TonB-dependent receptor protein signature 1 (PS00430, TONB_DEPENDENT -REC_1_) at the Nterminal of the SOX5 protein (1-82 amino-acid) (http://prosite. expasy.org/). Two of the four identified SOX5 missense mutations (R36T and T74M) are localized in the exon 2 encoding the N-terminal TonB-dependent receptor like region. These data suggest that the TonB-dependent receptor like region in SOX5 may be important in the functional role of SOX5, disruption of which may lead to AD pathogenesis. It is known that the short form of SOX5 differs from the long form in length with a 13 amino acid truncation in N-terminal (1). Both SOX5-R36T and T74M are located in the N-terminal, which may cause alternative splicing of the SOX5 exon 2 to alter the expression of SOX5 long and/or short isolforms. Notably, SOX5-R36T is associated with an increased AD risk, while SOX5-T74M confers protection from AD risk in three subjects of an AD family who had known increased risk for AD from either homozygous or heterozygous for APOE-e4. However, the protective mechanism of SOX5-T74M on LOAD, distinct from SOX5-R36T and H721R mutations which increase AD risk, is unclear. One possibility would be if the T74M variant stabilizes SOX5 similar to the PMP22 mutation, T118M, that causes Charcot Marie Tooth, type 1A (CMT1A), by an overall increase in the stability of the mutant PMP22 protein (44) .
In summary, the findings from our study indicate that SOX5 is a novel LOAD candidate gene with an important role in neuronal function. Furthermore, SOX5 holds significant potential for the presence of additional variants that could confer risk for AD, ALS and intellectual disability.
Materials and Methods

Drosophila studies
Transgenic flies and fly culture. Fly culture and crosses were carried out according to standard procedures. The following fly strains were used: UAS-Sox102F-RNAi from the TRiP Project at Harvard Medical School (http://www.flyrnai.org/TRiP-HOME.html), Pnr-GAL4, Ppk-GAL4, D42-GAL4, Tab2-GAL4, and Insc-GAL4-ChRFP from the Bloomington Drosophila Stock Center at Indiana University (http://flystocks.bio.indiana.edu/).
Analysis of the DA neurons. The DA neurons were dissected from the third instar larvae, and analyzed by fluorescence imaging and quantified using NIH Image J version 1.47 software (http://rsbweb.nih.gov/ij/). The analysis parameters included 1) Length of dendrites (mm)-Measure from cell body to tip of branch for each ending in arbor; 2) Surface area (mm 2 ); 3)
Complexity of arbor (total number of branches) and Branching complexity (%). Larva crawling assay, the drosophila larval NMJ dissection and imaging and adult climbing assay. The third instar larvae from each experimental group were gently placed in a 150x25mm tissue culture dish containing 2% agarose gel. Each larva was observed to determine the number of full peristaltic contractions that occurred in 1 min (Peristaltic Contractions/min; Full anterior to posterior movement ¼ 1 contraction) as described previously (31) . The Drosophila larval NMJs were dissected from the third instar larva by removing all internal organs while leaving the body wall intact and imaged using an Olympus confocal scope as described previously (45) .
Behavior assays
Larva learning fructose assay. The third instar larva was transferred back and forth 3 times each between 1% agarose plates that either did or did not contain appetitive fructose. The memory of larva was examined by the selective preference for fructose in an agorase plate. In brief, 5 larvae were placed on a 1% agarose plate that had half of the plate contained fructose and the other half did not. The number of larva that was attracted to the fructose or control side was recorded.
Adult courtship assay. Male and female flies were collected within 6 h of hatching so as to ensure all flies remained virgins until time of experiment. Flies were cultured for 5 days prior to mating assays. Courtship behavior was examined as described previously (31) . In brief, one male and one female were placed into a mating ring made of a 35Â10 mm Petri dish containing a layer of 2% agarose gel. Flies were observed under a dissection microscope for the following behaviors: orientation, tapping, wing song, licking, curling, copulation attempt for 30 min or until successful copulation occurred. The time at which each of these actions occurred for each set of flies was recorded as well as the time of the first copulation attempt, the beginning of the final successful copulation, and the total time engaged in copulation. The courtship latency was defined as the total amount of time elapsed before any type of courtship action was observed in the male. The copulation latency was defined as the total amount of time elapsed before successful copulation began. Courtship index (CI) was calculated by dividing the time spent in courtship divided by the total time until copulation. If copulation occurred, the female was isolated in a fresh tube to determine if the copulation indeed resulted in progeny.
Whole brain structural analysis by fluorescence and transmission electron microscopy
Whole brains from the 30-day-old control or the Sox102F RNAi flies were dissected for whole brain structure and ultrastructure analyses. Adult brain imaging was done as described previously (46) . In brief, the Insc-GAL4-ChRFP and UAS-Sox102F-RNAi; Insc-GAL4-ChRFP brains were fixed with 4% formaldehyde and imaged with an Olympus 1X70 confocal microscope. For TEM, 15 brains from the Insc-GAL4-ChRFP and UAS-Sox102F-RNAi; Insc-GAL4-ChRFP flies were fixed, embedded, sectioned, examined and imaged as described previously (7).
Human SH-SY5Y neuroblastma cell studies
Human SH-SY5Y neuroblastoma cells were cultured as described previously (47) . SOX5 was silenced by RNAi using pools of three to five SOX5-specific 19-25 nt siRNAs (Santa Cruz Biotech, CA) designed to silence SOX5 expression. Real-time RT-PCR was performed to examine the expression of SOX5 in SH-SY5Y cells. Total RNA was isolated from the cultured cells using RNeasy Mini Kit (Qiagen, CA). The cDNA was synthesized using SUPERSCRIPT Preamplification System for First-Strand cDNA Synthesis (Life Technologies, CA). Real-time RT-PCR quantification with human SOX5 and GAPDH sense and antisense primers was done on an iCycler (BIO-RAD, CA) using SYBR Green PCR Core Reagents (Qiagen, MD) according to the manufacturer's instructions. The sequences of primers are: SOX5 5' AGGGACT CCCGAGAGCTTAG, 3' CTGTTGCTGGAGCAAATTGA; RT-PCR product size 238 bp; hGAPDH 5' CCACCCAGAAGACTGTGGAT, 3' TTCTAGACGGCAGGTCAGGT; RT-PCR product size 203 bp. The house-keeping gene hGAPDH was used as an internal control and was co-amplified under the same PCR conditions. All standards and unknown samples were run in triplicates per reaction and repeated 3 times. The fluorescence intensity was calculated using iCycler software version 3.1. The expression of SOX5 was given as relative number of copies (%) of mRNA molecules, as calibrated by co-amplification of hGAPDH. The expressions of 84 genes related to WNT-mediated signal transduction were examined using the Human WNT Signaling Pathway RT 2 Profiler PCR Plus Array and analyzed using RT 2 Profiler PCR Plus Array Data
Analysis software according to the manufacturer's instructions (Qiagen, CA). The experiments were repeated 3 times and overor down-regulated genes with the average expression levels over 2-fold with a statistically significant P value <0.05 were shown.
